Specificity of the Tuberculin Skin Test Is Modified by Use of a Protein
Cocktail Containing ESAT-6 and CFP-10 in Cattle Naturally Infected with Mycobacterium bovis B ovine tuberculosis (TB) control requires identification and removal of infected animals from the herd. The primary diagnostic test is the tuberculin skin test (TST) (25) . TST is based on the measurement of the skin thickness increment 72 h after the intradermal injection of mycobacterial extracts called purified protein derivatives (PPD). The inflammatory reaction results in an infiltration of antigen-specific lymphocytes and the production of inflammatory cytokines (5) . Despite the variability in specificity and sensitivity, TST has become a tool that assists in prevalence reduction and eradication of bovine tuberculosis in different countries (reviewed in references 12 and 23) . TST may be applied in a single format, injecting bovine PPD (PPDB) only, or in a comparative format, using avian PPD (PPDA) and PPDB. The latter format is the most specific, and although it provides a good indication of environmental sensitization, the test does not always discriminate between tuberculosis-infected cattle and those exposed to nonpathogenic organisms (19) . This is a serious problem in places where coinfection with Mycobacterium avium subsp. paratuberculosis (MAP) is common (6) . Therefore, it is important to identify specific antigens that improve the diagnosis of the disease.
The mycobacterial antigens ESAT-6 and CFP-10 are low-molecular-weight proteins present in virulent Mycobacterium bovis culture filtrate; both antigens are strongly recognized in infected cattle, and they do not elicit a response in cattle without infection (9, 27) . In addition, they are absent in most environmental mycobacterial species (14) . Results from recent publications have shown the practical application of such antigens in the gamma interferon (IFN-␥) whole-blood test (1, 2) . However, the IFN-␥ assay is expensive compared to TST and requires a well-established laboratory, which is not always available; therefore, it would be more useful to integrate the use of these proteins in a TST format. The initial assessments of ESAT-6 in the skin test suggested that a very high dose of protein (22) or its use in combination with a synthetic bacterial lipopeptide (30) was necessary to induce skin thickness. Recently, Whelan et al. showed that a protein cocktail with low concentrations of recombinant proteins elicited skin test responses in naturally infected cattle (29) .
The aim of this study was to assess the diagnostic potential of a protein cocktail of ESAT-6 plus CFP-10 (E6-C10), using a skin test format in M. bovis-infected cattle. In order to achieve our goal, we tested infected cattle in two settings: (i) a high-prevalence herd and (ii) a low-prevalence herd coinfected with MAP. Also, we assessed the specificity of the protein cocktail in two tuberculosisfree herds, one of them with MAP infection. Our results suggest that the E6-C10 protein cocktail improves the specificity of the skin test and allows better identification of M. bovis-infected cattle, especially in herds with MAP coinfection.
MATERIALS AND METHODS
Antigens. Bovine and avian PPD were purchased from Pronabive (Register Sagarpa B-0653-035). The full-length and histidine-tagged recombinant proteins ESAT-6, CFP-10, and MPB83 were a kind gift from M. Singh (Lionex, Braunschweig, Germany).
Pilot study animal selection. To investigate the optimal concentration of the protein cocktail to be used in the skin test, 10 naturally infected cattle from a farm with a confirmed history of bovine TB were selected. These animals were single intradermal comparative cervical test (SICCT) reactors in two previous tests, and they were positive in the IFN-␥ wholeblood assay and PCR from nasal swabs. The SICCTs were performed 60 and 120 days before the start of the pilot study, whereas the IFN-␥ assay and PCR took place 1 week before the beginning of the trial. The same concentrations of the protein cocktail were tested in 10 tuberculosis-free cattle that came from a TB-free herd. The IFN-␥ whole-blood test and PCR from nasal swabs were used to confirm the TB-free status. The SICCT was performed and interpreted according to the Official Mexican Norm against Bovine Tuberculosis (NOM 031-Z00-1995). The scores against PPDB and PPDA were plotted in the official graphic and interpreted according to the standard analysis. Briefly, the criteria for classifying an animal as positive, negative, or suspect are as follows: positive if the difference between PPDB and PPDA is Ն5 mm; negative if the difference between PPDB and PPDA is Յ2 mm; suspect if the difference between PPDB and PPDA is Ͼ2 but Ͻ5 mm.
Field study animal selection. A total of 303 bovines from 4 herds in Mexico were included in this study, of which 214 animals were from 2 herds with a history of bovine TB. These 214 animals were grouped by prevalence (defined as the percentage of animals that had been positively diagnosed by a PPD skin test at the most recent herd skin test control) as high (Ͼ25%) and low (Ͻ1%) based on previous records (138 and 76 animals, respectively). The low-prevalence herd also had a paratuberculosis coinfection. The remaining 89 animals were considered negative controls; 59 animals were from a herd with no history of bovine TB during the previous 5 years, and 30 animals were also tuberculosis free, but in contrast to the other control herd, paratuberculosis infection was present. All animals were selected randomly, and all were tested by an IFN-␥ whole-blood test. Confirmation of disease status was made by PCR from nasal swabs (Table 1) .
Limulus assay. The lipopolysaccharide (LPS) content of recombinant proteins was measured with a QCL-1000 kit (Lonza) based on the Limulus amebocyte lysate assay according to the manufacturer's instructions.
Skin test procedures. In order to evaluate different concentrations of the E6-C10 protein cocktail (5, 10, and 15 g of each protein), seven intradermal injection sites were used on each animal in the pilot study. A fourth treatment, including ESAT-6, CFP-10, and MPB83 (10 g of each protein), was also applied. MPB83 was included based on the benefit shown in the guinea pig skin test (27) . Bovine and avian PPD were always included in each test, as well as 1ϫ sterile phosphate-buffered saline (PBS) as a negative control. The skin sites were clipped free of hair, and skin reactions were measured using calipers prior to the test and every 24 h for 4 days. In the field study, four intradermal injection sites were used for (i) the optimal concentration of the protein cocktail as determined by the pilot study, (ii) bovine PPD, (iii) avian PPD, and (iv) the negative control. Skin reactions were measured using calipers prior to and 72 h after the skin test.
In the pilot study, the antigens were inoculated into the neck (4 in the right side and 3 in the left side) in the middle third section according to the following design: two antigens in the upper site 10 cm below the crest of the neck and 13 cm apart from each other and two antigens in a downward fashion 13 cm below the upper-site inoculations and 13 cm apart from each other. On the other hand, in the field study, four antigens were applied to the right side of the neck following the previously described arrangement (7, 16, and 21) . All antigens were administered in a 0.1-ml volume and were injected intradermally using 27-gauge hypodermic needles.
IFN-␥ whole-blood test. Blood samples were taken before the skin test from all the animals, except for one tuberculosis-free herd, where samples were taken 3 days later due to logistic problems. Whole-blood cultures were stimulated with either avian PPD (10 g/ml), bovine PPD (10 g/ml), the E6-C10 protein cocktail (4 g/ml), pokeweed mitogen (1 g/ml) (Sigma-Aldrich), or the no-antigen control for 20 h in a humidified 5% CO 2 incubator at 37°C. The levels of IFN-␥ in the culture supernatants were measured using the commercially available Bovigam enzyme-linked immunosorbent assay (Prionics, Schlieren-Zurich, Switzerland). The results were expressed using an optical density index (ODI), which is defined as the ratio of the OD of stimulated cultures to the OD of nonstimulated cultures. For all antigens tested, an ODI value of 2 was selected as the cutoff value to indicate a positive result (2) . Collection of nasal swabs. Nasal swabs were collected using a sterile 30-cm wooden homemade swab with a compact cotton wool tip. The swabs were submerged in 2 ml of sterile phosphate-buffered saline in 15-ml centrifuge tubes, and the tubes were centrifuged at 20,817 ϫ g for 10 min. The nasal sediments were frozen at Ϫ20°C until DNA extraction.
DNA extraction from nasal swabs. DNA was extracted from the sediments according to a method described for mycobacteria (8) . Briefly, the pellets from the nasal swabs were resuspended in 400 l of 1ϫ Tris-EDTA buffer and heated to 80°C for 1 h to inactivate the bacteria. Then, 50 l of 10-mg/ml lysozyme (Sigma-Aldrich) was added. The mixture was incubated overnight at 37°C. The next day, 75 l of 10% SDS and 50 l of 1-mg/ml proteinase K (Sigma-Aldrich) were added and incubated for 20 min at 65°C. One hundred microliters of 5 M NaCl and 100 l of 5% N-cetyl-N,N,N,trimethlyl ammonium bromide/NaCl were added, and the solution was mixed thoroughly until it formed a white, milky suspension. It was then incubated for 10 min at 65°C, treated twice with 1,000 l of chloroform-isoamylic alcohol (24:1 [vol/vol]), and centrifuged for 5 min at 15,000 ϫ g. The supernatant was transferred to a new tube, and 0.7 volume of isopropanol was added, followed by overnight incubation at Ϫ20°C. The tube was centrifuged at 11,000 ϫ g for 15 min, the supernatant was discarded, and 2 washes were performed in 70% ethanol. The DNA pellet was dried and resuspended in 20 l of water, and 2 l was used for PCR. The quality and concentration of DNA were assessed by spectrophotometry with a Nanodrop ND-1000 spectrophotometer.
PCR. A nested PCR was performed as previously described to amplify a region of the mpb70 gene of the Mycobacterium tuberculosis complex. Reactions were carried out in a final volume of 25 l. The PCR mixture contained a final concentration of 0.2 M of each primer, 200 M deoxynucleoside triphosphates (dNTPs), 1 U DNA polymerase, PCR buffer (75 mM Tris-HCl, pH 9.0, 50 mM KCl, 1.5 mM MgCl 2 ), and 2.5 mM MgCl 2 . The PCR programs were run in a Hybaid PCR Express thermal cycler (Thermo-Hybaid), and the products were analyzed in 2% agarose gels containing ethidium bromide (0.5 g/ml) and photographed on a UV transilluminator (Gel Logic 200 Imaging System; Kodak, United Kingdom). A single PCR was run by amplifying a 372-bp segment of the mpb70 gene using specific primers (M70F, 5=-GAACAATCCGGAGTTGACAA-3=, and M70R, 5=-AGCACGCTGTCAATCATGTA-3=) (10, 11) and the following protocol: first cycle, 5 min at 94°C; 30 cycles of 45 s at 94°C, 30 s at 60°C, 45 s at 72°C; and a final cycle of 5 min at 72°C. Then, a nested PCR was run using 1 l of the previous reaction mixture to amplify a 208-bp fragment within the 372-bp region of the mpb70 gene with the primers M22F, 5=-GCTGACGGCTGCACTGTCGGGC-3=, and M22R, 5=-CGTTGGCCGGGCTGGTTTGGCC-3= (13 
RESULTS
A concentration of 20 g of the protein cocktail (E6-C10) elicited the best skin inflammatory response in naturally M. bovisinfected cattle. The LPS contents of the ESAT-6 and CFP-10 proteins were assessed before carrying out the in vivo studies. The LPS levels of both proteins were lower than 1.3 EU (endotoxin units)/ mg, which is below the maximum limit (50 EU/mg) determined with the FDA guide (20) .
The E6-C10 protein cocktail was tested at different dose concentrations (10, 20, and 30 g of total protein). In addition, a protein cocktail containing E6-C10-M83 (10 g each) was also tested. Ten naturally M. bovis-infected PPDB-, PCR-, and IFN-␥-positive cattle were selected for this purpose. Skin thicknesses were measured and compared for the different antigen concentrations up to 96 h postinjection.
Responses to PPDB and the protein cocktail peaked at 72 h postinjection as classically determined for SICCT (Fig. 1) . Skin responses to all the antigens intradermally inoculated were observed; however, the strongest response observed was to PPDB, followed by the different concentrations of the protein cocktail. Contrary to what was expected, skin response to the three-protein cocktail composed of E6-C10-M83 (10 g each) was very low (4.0 mm); addition of the MPB83 protein did not improve the skin a Area under the ROC curve ϭ 0.9950; 95% CI ϭ 0.98114 to 1.00000. b Sensitivity was determined by using naturally infected cattle with disease confirmed by SICCT, IFN-␥ test, and PCR (n ϭ 10). c Specificity was determined by using TB-free cattle (n ϭ 10). response, and skin induration was less defined to palpation. The best response to the E6-C10 protein cocktail was observed with 20 g of total protein. The mean skin response at 72 h was 6.3 mm, compared to 12.5 mm seen in reactions to PPDB (Fig. 1) . The same dose concentrations were assessed in 10 TB-free cattle. These animals responded mainly to PPDA, with a mean of 2.0 mm, unlike the mean skin response of 1.0 mm to PPDB, suggesting some sensitization to environmental mycobacteria. In some cases, shaving induced a minor inflammatory reaction that did not correspond to a real response to the protein cocktail because no palpable increase in skin thickness was observed, suggesting for the first time an improvement in specificity (Fig. 2) . With these data, we performed a ROC analysis; a skin response of 1 mm to the E6-C10 protein cocktail was selected as the cutoff value to indicate a positive result ( Table 2) . The E6-C10 cocktail identifies a higher number of reactors than PPDB. In order to evaluate the 20-g E6-C10 protein cocktail, a field study including 303 bovines under different bovine tuberculosis prevalences and in the presence or absence of paratuberculosis coinfection was performed. Skin responses to the protein cocktail and both avian and bovine PPD were evaluated and compared to IFN-␥ responses using the same antigens.
Under high-prevalence herd conditions, 45.6% (63/138) of the cattle were positive by SICCT using both PPDB and E6-C10 as antigens; in 76% of the cases, both antigens identified the same positive cattle.
PPDB classified 33.3% (46/138) of the cattle as suspect and 21% (29/138) as negative, whereas E6-C10 identified 14 PPDBsuspect and 1 PPDB-negative cattle as positive in the whole population. This means that the protein cocktail identified 11% (15/ 138) more animals than PPDB (Tables 3 and 4 ). When we consider the PCR-positive population, the results were similar to what we described above: 60.3% (38/63) of reactors to PPDB in the skin test were confirmed by PCR. A similar proportion of animals positive to the protein cocktail 63.4% (40/63) were corroborated by PCR. Ten animals were not correctly identified by PPDB (9 suspect and 1 negative). Skin responses to PPDB, PPDA, and E6-C10 were higher under high-prevalence herd conditions, where the greatest responses were to PPDB (median [Me] ϭ 9.5 mm). E6-C10 induced highly variable responses ranging from 1 to 40 mm (Fig. 3) . The median skin response to PPDA was 6.0 mm; in consequence, 33.3% (46/138) of the animals were classified as suspect by SICCT ( Fig. 3 and Tables 3 and 4 ). The IFN-␥ test identified 65.2% (90/138) PPDB-positive cattle, of which 62.2% (56/90) were PPDB reactors in SICCT, whereas E6-C10 identified 52.9% (73/138) of the cattle as positive, of which 60.2% (44/73) were PPDB reactors in SICCT ( Fig. 4 ; see Table 6 ). Under lowprevalence herd conditions, only one animal was a PPDB reactor in the SICCT; 13.1% (10/76) of the cattle were suspect by PPDB, and 85.5% (65/76) of the cattle were negative. Meanwhile, the E6-C10 protein cocktail identified 8 cattle as positive, and 87.5% (7/8) of them were confirmed by PCR (Table 5 ). The skin responses to PPDB and PPDA were similar (Me ϭ 1.0 mm), probably because of the MAP coinfection. Unlike the skin responses in high-prevalence herds, the protein cocktail induced weak skin responses (up to 1 and 2 mm) in low-prevalence herds (Fig. 3) . The IFN-␥ test identified 5 cattle, including the PPDB reactor, as positive, whereas the protein cocktail identified 15 positive cattle (Table 6). and interquartile ranges. The statistical differences between responses were determined by using the Kruskal-Wallis test (***, P Ͻ 0.001).
The E6-C10 cocktail did not induce intradermal nonspecific reactions. As expected in TB-free herds, the main skin responses observed were to PPDA, but some cattle also responded to PPDB. In the MAP-free herd, 2 animals were classified as suspect by SICCT when PPDB was used. The strongest response to PPDA was 4.0 mm in the MAP-free herd, unlike the 14.0 mm seen in the herd with MAP infection. Despite the strong reaction to PPDA in the MAP-infected herd, only one animal was classified as suspect by PPDB in SICCT (Fig. 5 ). All these suspects were negative in the IFN-␥ test with PPDB and the protein cocktail (data not shown). Unlike PPD, the protein cocktail did not induce any skin response despite MAP infection and sensitization to environmental mycobacteria (Fig. 5) .
Sample collection for the IFN-␥ test was not carried out as established by our protocol due to technical problems; therefore, it is possible that the antigen intradermal inoculation may interfere with IFN-␥ (24). Our results showed that this is indeed the case, because we found 2 or 3 more nonspecific results in cattle where IFN-␥ samples were taken 3 days after antigen intradermal inoculation. When the sample was taken the same day as the skin test, no animals were positive to the protein cocktail (Fig. 4) .
DISCUSSION
Skin response to PPDB in SICCT is considered a marker for tuberculosis in cattle, but in order to perform a more specific diagnosis, a second test should be carried out. The IFN-␥ test has been well analyzed, and its use has been approved in many countries (23) . In this test, responses to PPDA and PPDB are compared in order to classify an animal as positive or negative. However, sensitization to environmental mycobacteria or coinfection with MAP affects the specificity in both tests (6) . For this reason, the use of specific antigens, such as ESAT-6 and CFP-10, has been proposed (1, 2) . The use of these antigens in the IFN-␥ test has shown higher specificity; however, its applicability is limited, due to its high cost and the logistical constraints on its development. In this study, responses to the protein cocktail (E6-C10) and PPDB were compared with the aim of evaluating the cocktail in herds with high and low bovine tuberculosis prevalences using SICCT and IFN-␥ formats.
The E6-C10 protein cocktail was tested intradermally using different dose concentrations (10, 20 , and 30 g of total protein) and four reading time points (24, 48, 72 , and 96 h) in 10 naturally infected and 10 tuberculosis-free cattle. Previous studies pointed out the use of high concentrations of ESAT-6 to induce skin reactions in cattle (Ն400 g) and a longer time to read the skin reaction (96 h instead of 72 h) (15) . In the current study, we demonstrated specific skin reactions starting from 10 g of the E6-C10 (29); they identified skin reactions with 10 g each of the E6, C10, MPB83, and MPB70 proteins 72 h postinoculation. In our hands, addition of MPB83 did not improve the skin reaction at all; moreover, inclusion of MPB83 resulted in reactions that were less defined to palpation. Otherwise, inoculation of the protein cocktail did not induce a skin response in any noninfected cattle. Our results suggested that low concentrations of the protein cocktail are enough to induce a skin response comparable to that stimulated by PPDB; moreover, the reading time in both cases was 72 h, a clear advantage when using both antigens together. Our observations are in agreement with data presented by Lyashchenko et al. (17) , who aimed to improve the accuracy of TST in experiments on sensitized guinea pigs. The results from this group demonstrated a higher potency of the recombinant-protein-based combination than of the single proteins and hence suggested the potential for lower protein concentrations when used in cocktails of two or more purified antigens. Based on the pilot study results, we decided to compare SICCT and the IFN-␥ test in herds with different disease prevalences. In the high-prevalence herd, SICCT and the IFN-␥ test identified 63/138 and 90/138 positive cattle using PPDB and 63/138 and 73/138 using the E6-C10 protein cocktail, respectively. Under low-prevalence herd conditions, the results were more discrete; however, the tendency is the same as in the high-prevalence herd (Tables 3 to 6 ). The results in both herds suggest that the IFN-␥ test tends to improve sensitivity independently of the antigen used. In addition, it is easy to observe that the protein cocktail performs quite similarly to PPDB; however, the protein cocktail identified positive cattle in the PPDB-suspect and -negative populations, suggesting that E6-C10 increases the number of true-positive results; this was more evident in the low-prevalence herd, where the PPDA cross-reaction was stronger. Most of the E6-C10-positive cattle were confirmed by means of PCR. The decrease in specificity and sensitivity due to MAP coinfection has been previously reported (4, 15, 28) . Experimental evidence showed that animals with dual infection were more likely to produce false-negative responses to the IFN-␥ test (3). The main benefit of the application of the E6-C10 protein cocktail was observed in the TB-free herds, because E6-C10 did not induce a single positive skin reaction in cattle tested in this study under this category. Its performance was comparable to that of the negative control (PBS). In the same category of animals, PPDB stimulated several false-positive reactors. In addition, the presence of MAP coinfection did not affect the protein cocktail's performance, unlike when PPDB was used as an antigen.
Taken together, our results suggest that the E6-C10 protein cocktail provides an improvement in bovine tuberculosis diagnosis. E6-C10 refines sensitivity but mainly improves specificity. Moreover, the protein cocktail may be included in SICCT and IFN-␥ formats, providing the same effect in terms of greater identification of true-positive cattle. Unfortunately, it was not possible to sacrifice all the animals used in this study, but the PCR of nasal swabs helped us to corroborate some results achieved with the protein cocktail in the skin test. In the high-prevalence herd, almost the same proportion of animals positive to PPDB and the protein cocktail were corroborated by PCR (60.3 and 63.4%, respectively), while in the lowprevalence herd, 87.5% of the E6-C10-positive animals were confirmed by PCR. These results suggest that the skin responses to the protein cocktail are highly specific. Nonetheless, a negative result in PCR does not mean that the animal is not infected, only that it is in a nonshedding state. The shedding pattern is intermittent and varies from one animal to another due to the state of infection or a variation in susceptibility and resistance to the infection (18) .
Another factor that supports the high specificity of the protein cocktail is that in the tuberculosis-free herd we observed no skin responses despite the MAP infection status of the herd. Many reports have shown that animals sensitized to environmental my- cobacteria, infected with MAP, or vaccinated with M. bovis BCG do not respond to the protein cocktail (9, 26, 28, 29) .
In conclusion, the use of the E6-C10 cocktail allows identification of an important proportion of animals that PPDB is not able to recognize, especially in a low-prevalence herd. The protein cocktail improves the specificity and sensitivity of the IFN-␥ test and skin test mainly when it is used in addition to the SICCT. Our results are very encouraging; however, they require further validation using a gold standard method.
